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ABSTRACT 


Compliance  with  MARPOL  environmental  regulations  has  required  the  design  of  a 
waste  management  system  to  reduce  the  volume  of  solid  shipboard  waste  and  treat  it  so  that  it 
is  safe  to  carry  aboard  ship.  The  U.S.  Navy  in  cooperation  with  industry  has  developed  a 
coneeptual  design  of  a  plasma  arc  waste  destruction  system  (PAWDS)  capable  of  meeting  strict 
shipboard  weight,  size  and  operational  criteria  that  has  precluded  the  use  of  traditional 
eommercial  systems.  The  innovative  system  design  has  involved  a  thorough  examination  of 
eandidate  materials  that  should  be  capable  of  withstanding  the  processing  of  a  variable  waste 
stream  that  may  include  highly  corrosive  constituents.  The  structural  components  of  the 
PAWDS  should  insure  safety  to  personnel  and  ship  by  resisting  degradation  through  high 
temperature  corrosion,  erosion,  thermal  cycling,  and  other  effects. 
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INTRODUCTION 

U.S.  Navy  Operational  Concept  and  its  strategy  “Forward  —  From  the  Sea”  requires 
the  Fleet  to  execute  its  presence  anywhere  in  the  world  at  any  time.  Loeal,  national,  and 
international  environmental  regulations  and  statutes  controlling  overboard  diseharge  of  liquid 
and  solid  wastes  and  air  emissions  have  beeome  more  stringent  for  ships  deployed  at  sea.  The 
Navy’s  ability  to  operate  in  littoral  and  selected  eireas  around  the  world  may  be  eompromised 
unless  alternative  solid  waste  management  processes  are  utilized.  Existing  ships  do  not  have 
sewage  and  solid  waste  holding  capabilities  to  hold  wastes  for  more  than  a  few  days. 

The  International  Convention  for  the  Prevention  of  Pollution  fi-om  Ships  in  1973  and 
the  1978  Marine  Pollution  Protocol,  collectively  known  as  MARPOL  73/78^^  were  early 
initiatives  to  control  waste  disposal  in  the  marine  environment. 


^  MARPOL  refers  to  the  International  Treaty  for  the  Prevention  of  Pollution  for  Ships.  The 
United  States  is  a  party  to  this  convention  by  S.  Treaty  Document  No.3,  100th  Congress,  1st  Session. 
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An  integrated  technology  for  Navy  ships  to  comply  with  this  solid  waste  and  liquid 
waste  discharge  prohibition  is  not  currently  available  commercially.  The  marine  environment 
and  Naval  warfare  requirements  present  significant  and  unique  challenges  for  technical 
solutions  of  waste  disposal  problems  for  U.S.  Navy  ships  deployed  at  sea  without  significant 
impact  to  operations  and  deployment.  Unlike  land-based  systems,  solutions  aboard  ships  will 
impose  considerable  constraints  on  space  and  must  operate  reliably  in  a  corrosive,  marine 
environment.  The  Navy  has  significant  space,  weight,  reliability,  maintainability,  and 
operability  constraints  which  require  that  any  system  minimize  its  impact  on  ship  operations,, 
ship  systems,  manpower  requirements,  maintenance,  and  loss  of  mission-oriented  space. 

The  Naval  Studies  Board®  (NSB)  has  recommended  that  the  Navy  continue  its  program 
of  research  into  advanced  thermal  waste  destruction  technologies  that  may  eventually  serve  as 
the  principal  shipboard  waste  reduction  methodology.  A  comprehensive  survey,  as  shown  in 
Table  1,  of  thermal  destruction  technologies  for  shipboard  solid  waste  was  conducted.  The 
survey  identified  electrically-heated,  plasma-arc  pyrolytic  thermal  destruction  technology  as  the 
most  promising  because  of  its  potential  for  greater  reliability,  compact  size,  higher  processing 
temperatures,  better  temperature  control,  and  greater  capacity  relative  to  standard  incinerators. 


Table  1-  Thermal  Destruction  Technologies® 


Technology 

Operational 

Temperature 

Application/ 

Destruction 

Characteristics 

Gas  Products 

Solid 

Products 

Waste 

Reduction 

Remarks 

Incineration 
•Starved  Air 
•Excess  Air 

900  "C 

1650  °F 

Solids  &  Liquids  by 
Exothermic 
Combustion 

CO2,  HjO,  N2 
Some: 

Hydrocarbons 

N0„S02 

Particulates 

(Flyash) 

•Ash 

•Metal 

•Glass 

High 

Low  Enercv  Innut 
Available  Units  Generally 
Produce  Excessive  Air 
Emissions  and  Hazardous 

Ash 

Wet  Air 
Oxidation 

316  °C 

600  “F 

Liquids  by  Low 
Temperature 
Pressurized 
Oxidation 

C02,H20, 

Hydrocarbons 

Particulate 

•Char 

•Inorganics 

Moderate 

Moderate  Enerev  Innut 
Incomplete  Conversion  of 
Organics. 

Fairly  easy  to  design,  build, 
and  control. 

Supercritical 

Water 

Oxidation 

H 

Liquids  by  Medium 
Temperature 

High  Pressure 
Oxidation 

CO2,  H2O 

Particulates 

Salts 

Maximum 

Moderate  Enerov  Innut 
(Depends  on  Waste  Stream) 
Can  Produce  Complete 
Oxidation  of  Organics. 

Plasma  Arc 
•Pyrolysis 
•Incineration 

1500-5000  "C 
2700-9000  “F 

Solids  &  Liquids  by 
Very  High 
Temperature/ 
Gasification 
Reactions 

Inert 

Maximum 
Density  Slag 

Maximum 

Verv  Hi  ah  Enerev  Innut 

Air  Emissions  control  is 
easier  with  conventional 
Incineration  ash  can  be 
vitrified,  making  it  inert. 

Ultra-high  reaction  temperatures  derived  fi-om  plasma  energy  can  achieve  waste 
treatment  without  combustion.  Plasma  is  produced  by  passing  a  gas  through  a  high  current 
electric  arc;  temperatures  within  the  arc  range  from  18,000-36,000  °F  (10,000-20,000  °C). 
Temperatures  in  the  outer  plume  of  a  plasma  flame  can  range  fi-om  5,000  to  1 1,000°C.  This 


®  Shipboard  Polution  Control.  U.S.  Naw  Compliance  with  MARPOL  Annex  V.  Committee  on 
shipboard  Polution  Control,  Naval  Studies  Board,  Commission  on  Physical  Sciences,  Mathematics,  and 
Applications,  National  Research  Council,  National  Academy  Press,  Washington,  DC.  p.4  (1996). 
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combustion-independent  plasma  heating  process  allows  for  extremely  high  heating  rates  which 
can  translate  into  practical  reactor  configurations  having  small  destruction  volumes,  high 
processing  rates,  short  residence  times  and  high  destruction  efficiencies.  A  PAWDS  can 
rapidly  change  the  physical  and  chemical  nature  of  shipboard  waste  materials.  Plasma  energy 
can  change  organic  wastes  to  their  elemental  constituents  while  inorganic  solid  wastes  produce 
fly  ash  and  a  pool  of  liquefied  inorganic-metallic  material.  The  environment  in  a  plasma 
destruction  chamber  may  be  either  oxidizing  or  reducing;  the  choice  of  either  environment  can 
affect  the  material  selection  for  the  chamber. 

CONCEPT  DESIGN 

Among  the  many  issues  involved,  the  reliability  and  design  of  the  final  PAWDS  will  be 
dependent  on  the  materials  of  construction.  One  of  the  primary  operational  factors,  the  focus  of 
this  paper,  is  the  corrosion  resistance  of  candidate  materials;  the  discussion  of  many  of  the 
other  issues  is  beyond  the  scope  of  this  paper.  Complex  processes  occur  in  incineration  of  solid 
wastes  which  involve  thermal  and  chemical  reactions  that  occur  at  various  times,  temperatures, 
and  locations.  Pyrolysis  via  high  reaction  temperatures  derived  fi'om  plasma  energy  will  also 
encompass  complex  reactions,  dynamic  gas  flows,  particulate  and  deposition  effects, 
mechanical  and  chemical  mixing,  and  residence  times  of  the  reaction  species.  The  operational 
mode,  the  temperatures  existing  within  the  primary  combustion  chamber  eductor,  secondary 
combustion,  and  other  system  components,  composition  of  the  waste  stream,  the  chamber 
chemical  environment,  the  waste  stream  abrasiveness,  the  aforementioned  space  constraints, 
safety,  maintainability,  and  reliability  will  affect  the  choice  of  construction  materials.  The 
amount  of  Navy  Solid  Waste  (NSW)^  generated  on  average  (Table  2)  has  been  studied,  but  the 
waste  stream  at  any  given  time  is  variable.  The  composition  of  the  ship  solid  and  liquid  waste 
generated  on  warships  at  sea  can  depend  in  part,  on  ship  size  and  class,  type  of  mission,  length 
of  ship’s  mission,  and  location  of  deployment. 

Table  2  -  Green  Book  Navy  Solid  Waste  (NSW)  Generation  Rates^ 


Average  Generation  Rates 

Waste  Stream  Constituents 

Ib/man/day 

Weight  % 

Paper/Cardboard 

1.11 

35.35 

Food 

1.28 

40.76 

Metal 

0.41 

13.06 

Glass 

0.13 

4.14 

Plastic* 

0.21 

6.69 

Total 

3.14 

100.00 

*  Note:  Plastics  are  not  plaimed  to  be  processed  by  PAWDS 


Several  designs  have  been  considered  based  on  different  operating  scenarios  and 
different  materials.  They  are:  (1)  hot  wall  (refi-actory  lined,  minimal  cooling),  (2)  air-cooled 
cold  wall,  and  (3)  water-cooled  cold  wall. 
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Hot  Wall  Design 

The  first  design  concept  considered  for  the  PAWDS  was  a  refractory-lined,  hotwall 
primary  chamber  (Figure  1)  which  would  have  an  approximate  service  wall  temperature  of 
about  1 500  °C.  The  use  of  a  plasma  arc  would  produce  a  plasma  plume  temperature  of  about 
5300  °C  near  the  outer  plume  envelope.  Most  alloys  will  degrade  in  environments  with 
prolonged  service  temperatures  above  1000  °C.  Refractories  can  exist  at  higher  temperatures. 
Refractories  are  mainly  high-melting  point  metallic  oxides,  but  also  include  substances  such  as 
carbides,  borides,  nitrides,  and  graphite  (Table  3).  Maximum  service  temperatures  will  always 
be  less  than  the  melting  points  of  pure  ceramics  because  refractories  usually  contain  minor 
constituents  and  actual  incinerator  and  pyrolytic  environments  are  vastly  different  from  simple 
oxygen  atmospheres.  Refractories  are  used  to  act  as  a  thermal  barrier  between  the  high 
temperature  PAWDS  environment  and  an  ambient  temperature  outside  the  chamber  skin  to 
maximize  safety  to  ships  functions  and  personnel^.  Refractory  suitability  depends  on  its 
resistance  to  abrasion,  maximum  service  temperature,  corrosion  resistance  to  liquids,  gases  and 
slag,  erosion  resistance,  spalling  resistance,  resistance  to  thermal  cycling,  shock  and  fatigue 
from  high  thermal  gradients,  oxidation  or  reduction  reactions,  its  mechanical  strength,  and  its 
inspection  and  maintenance  requirements.  Refractories  are  available  in  either  shaped  (bricks) 
or  unshaped,  monolithic  forms  such  as  castable  plastic  refractories,  ramming  mixes,  ceramic 
fiber  blankets,  or  gunning  mixes. 

Table  3  -  Melting  Points  of  Common  Refractories 


Nomenclature 

Formula 

Melting  Point  (®C) 

Corundiun,  Alpha  Alumina 

AI2O3 

2054 

Baddeleyite,  Zirconia 

Zr02 

2700 

Periclase,  Magnesia 

MgO 

2852 

Chromic  oxide,  Chromia 

Cr203 

2330 

Lime,  Calcia 

CaO 

2927 

Cristobalite,  Silica 

Si02 

1723 

Carborundum,  Silicon  Carbide 

SiC 

2700  (sublimes) 

Silicon  Nitride 

Si3N4 

1 800  (dissociates) 

Boron  Nitride 

BN 

3000  (sublimes) 

There  are  often  property  tradeoffs  required  to  attain  the  desired  optimum,  serviceable 
refractory.  Insulating  refractories  generally  have  lower  density,  strength,  corrosion  resistance, 
erosion  resistance,  and  higher  porosity  and  void  fraction  than  stronger,  less  insulating 
refractories.  Refractories  are  generally  susceptible  to  thermal  shock  and  spalling.  Monolithic 
refractories  are  often  more  susceptible  to  thermal  shock  than  shaped  refractories.  Dense 


°  M.  Heilberger,  S.  Chapelle,  P.  Valentine,  “Development  of  a  Thermal  Destruction  System 
for  Treatment  of  U.S.  Navy  Shipboard  Waste  Using  Plasma  Arc  Pyrolysis  -  Refractories  and  Slag 
Removal  Methods  -  Survey  and  Evaluation”,  CARDrVNSWC-TR-63-95/05,  General  Atomic,  Chapters 
3,4,  and  6  (June  1992). 
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Figure  1  -  Cross-section  of  refractory-lined  hotwall  PAWDS. 

refractories  tend  to  have  high  thermal  conductivities,  low  porosity,  relatively  high  strength,  and 
improved  corrosion  resistance,  but  tend  to  be  susceptible  to  thermal  shock.  Insulating 
refractories  have  higher  porosity  which  improves  thermal  shock  resistance,  but  provides 
numerous  pathways  for  molten  and  gaseous  materials  to  promote  corrosion  and  spalling. 

The  corrosion  resistance  of  refractories  is  based  on  the  thermodynamics  of  the  potential 
corrosion  reactions,  the  reaction  rates  and  kinetics  of  these  possible  reactions,  the  composition 
and  form  of  the  refractory  material,  and  the  surface  chemistry  of  the  refractory  with  corrosive 
gaseous,  liquid,  or  solid  environments.  The  spontaneous  direction  of  the  possible  corrosion 
chemical  reactions  can  be  calculated  which  can  indicate  which  reactions  are  theoretically 
possible.  The  reaction  kinetics  will  be  dependent  on  the  specific  environment  (gaseous,  liquid, 
or  solid),  surface  chemistry,  the  material  microstructure  and  composition,  refractory  phase(s), 
and  the  temperature.  All  ceramics  or  refractories  used  in  an  oxygen-rich  environment  are 
oxides  or  develop  a  protective  oxide  on  their  surface  (such  as  Si02  on  SiC  or  Si3N4).  Though 
oxide  ceramics  are  inert,  and  resist  oxidation  and  reduction,  they  are  not  chemically  inert. 
Ceramic  corrosion  between  ceramic  oxides  and  molten  salt  deposits  generally  can  be  explained 
as  oxide/acid-base  reactions.*  To  determine  if  a  particular  slag  is  acidic  or  basic,  the  ratio  of 
lime  to  silica  in  the  slag  is  commonly  used.  As  a  general  rule  the  slag  is  basic  if  the  Ca0/Si02 
ratio  (or  CaO  +Mg0/Si02+Al203  ratio)  is  greater  than  one.  If  the  ratio  is  less  than  one,  the  slag 
is  considered  acidic.^  Gases  and  liquids  can  penetrate  deeply  into  highly  porous  refractories 
which  can  exacerbate  spalling  and  accelerated  corrosion.  Oxidizing  gases  such  as  NOx,  CI2, 
O2,  CO2,  H2O,  and  SO2,  reducing  gases  (NH3,  H2,  CxHy,  CO,  and  H2S),  and  vapors  of  volatile 
elements  and  compounds  may  react  with  different  refractories.  Hydrodynamic  mass  transport 


by  either  convection  or  diffusion  can  markedly  affect  the  corrosion  rate  of  a  refractory  in  an 
environment.  Non-wetting  refractories  are  relatively  resistant  to  corrosion  with  liquids  or 
gases.  Molten  aluminum,  iron,  silica,  and  other  constituents  derived  from  the  waste  stream  can 
react  with  the  crucible  refractory  to  form  new  compounds  or  phases  which  can  have  different 
melting  temperatures,  dimensional  stabilities,  and  corrosion  resistances.  The  new  phases  or 
compounds  can  cause  dimensional  changes  which  can  cause  problems  in  the  chamber.  High 
purity  refractories  are  more  corrosion-resistant  because  certain  minor  impurity  components 
have  microstructures,  phases,  and  defect  structures  which  can  introduce  significant  corrosion. 
High  purity  refractories  improve  corrosion  resistance  by  avoiding  low-melting  eutectics.  Alkali 
impurities  should  be  minimized  as  much  as  possible.  Solids,  either  as  fine  particulates  or  dust, 
can  cause  degradation  of  refractories  through  abrasion  or  deposition. 

Silicon  carbide,  high  alumina,  and  alumina-chromia  refractories  were  considered  the 
best  candidates  for  a  working  refractory  in  a  hotwall  PAWDS.  Alumina-based  refractories  are 
usually  available  with  silica  and  generally  offer  good  corrosion  resistance.  However,  high 
alumina  refractories  degrade  rapidly  in  HF,  chlorides,  molten  or  strong  hot  aqueous  alkalis,  and 
some  molten  metals.^  Alkalis  flux  the  alumina-silica  system.  Chlorides  cause  increased 
porosity  and  removal  of  alumina  or  silica.  Chromia  (Cr203)  improves  the  corrosion  resistance 
of  high  alumina  refractories,  by  reducing  slag  or  liquid  penetration."^  Favorable  performance  of 
alumina-chromia  occurs  even  when  the  slag  has  a  high  iron  content,  but  the  use  of  chromia 
may  introduce  environmental  questions.  Silica  contained  in  high  alumina  refractories  reacts  ‘ 
with  iron  oxide  and  alkalis  from  slag  to  form  a  glassy  surface  layer  over  the  refractory  which 
eventually  exposes  new  surfaces  to  further  reaction.  Silicon  carbide  is  not  attacked  by  acids,  but 
reacts  readily  with  fused  caustic,  halogens,  and  certain  metal  oxides  Silicon  carbide  is  also 
abrasion  resistant  and  less  prone  to  thermal  shock  than  other  refractories.^  The  operating 
temperature  of  SiC  should  be  limited  to  1300  °C  in  reducing  N2-H2-CO  environments  when  no 
steam  is  present.®  Other  refractories  such  Si3N4  and  Zr02  are  considered  too  expensive  to  use 
in  a  full-size  PAWDS.  Some  of  these  working  refractories  are  listed  in  Table  4. 

There  are  several  limitations  to  the  use  of  refractories  in  the  PAWDS  design.  First,  a 
layer  of  a  working  refractory  such  high  purity  alumina,  silicon  carbide,  or  alumina-chromia  is 
required  to  be  used  since  these  refractories  have  the  highest  resistance  to  corrosion  reactions 
with  slag,  liquids,  or  gases,  are  abrasion  and  spall  resistant,  have  low  porosity,  and  have  a 
limited  thermal  shock  resistance.  Since  these  refractories  also  have  a  high  thermal  conductivity, 
an  insulating  refractory  must  be  inserted  between  the  chamber  shell  and  the  working  refractory. 
To  reduce  the  temperature  from  1500  °C  on  the  inner  wall  surface  to  about  100  °C  on  the  outer 
shell,  the  combined  thickness  of  the  two  refractory  layers  can  be  12  inches  (30  cm)  or  more. 
This  adds  an  imacceptable  weight  for  a  shipboard  PAWDS  capable  of  processing  the  level  of 
solid  wastes  generated  by  the  fleet. 

Second,  refractories  may  crack  because  of  thermal  shock  and  react  with  the  shipboard 
waste  to  corrode  or  wear  away,  thus  requiring  repair.  Eight  or  more  hours  are  required  for  the 
crucible  chamber  to  cool  before  repairs  can  initiate.  Repair  would  require  the  use  of  plastic 
refractories,  mortar  materials,  or  patching  mixes  for  quick  repairs  or  more  a  more  time- 
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Table  4  -  Candidate  Working  Refractories 


PARAMETER 

CarboFrax® 

MSiC 

Alfrax® 

Refrax  ®20  SiC 

Tufline®  95DM 

Aurex®  75  SR 

Corundum® 

DM 

Ruby®  SR 

Composition 

89.2-SiC;0.5- 
CaO;1.0  Fe203 
I.O-AI2O; 
6.3-Si02 

96-AI2O; 

3.9-CaO 

tr-others 

75-SiC 

23.4-Si3N4 

tr-others 

94.2-AI2O; 

2.0  Si02;  3.6- 
Other  oxides, 
0.1-Fe2O3,CaO 

72.6-  Cr203 

20.7- AI2O; 

5.7-  Zr02 

1-  other  oxides 

99.7  -AljO; 
0.2-SiO2 

0.1-  Fe203 

83.6-AI2O3 

10.2-Cr2O3 
1.9-Si02;  3.5- 
Other  oxides 

Max.  Operating 
Temperature,  °C 

1480 

1815 

1760 

1870 

>1925 

1870 

1815-1870 

Density 

g/cm^/lb.ft^ 

2.33/145 

2.73/170 

2.62/163 

3.35/209 

4.08/255 

3.33/208 

3.19/199 

Apparent 
Porosity,  % 

17 

"" 

15 

12 

15.8 

12.9 

18.1 

Thermal  Cond. 
@1477“K. 
W/m°K 

15.7 

16.3 

3.60 

2.59 

2.45 

3.31 

Permanent  linear 
ehange,  % 
20-1727°C 

-0.1  (est) 

-0.1 

+0.3 

negligible 

-0.2 

Thermal  shock 
resistance  (2) 

1 

1 

— 

40+  cycles 

14  cycles 

3  cycles 

22-25  cycles 

Rupture  modulus 
(MPa/psi) 

20.7/3000 

38.6/5600 

43.4  /6300 

20.8/3020 

14.2/2060 

31.0/4500 

14.3/2080 

Compressive 

Strength 

(MPa/psi) 

138/20,000 

- 

138/20,000 

— 

58.6/8500 

1 

1 

87.6/12,700 

Carbofrax,  Alfrax,  Refrax  are  registered  trademarks  of  The  Carborundum  Company 
Tufline,  Aurex,  Corundum,  and  Ruby  are  registered  trademarks  of  Harbison-Walker,  a  division  of 
INDRESCO,  Inc 


consuming  reinstallation  of  refractory  brick.  Refractory  repair  work  would  require  specialized 
training  of  shipboard  personnel  and  an  assignment  of  larger  number  of  shipboard  personnel  to  a 
PAWDS  operation.  This  is  counter  to  the  present  downsizing  “Smartship”  philosophy  of  the 
U.S.  Navy.  Storage  of  patch  materials  or  replacement  crucible/chambers  is  also  not  feasible 
because  of  size  and  weight  limitations. 


Cold  Wall  Design 

Driving  forces  for  a  cold  wall  design  include  the  reduction  of  weight  and  size, 
improvement  of  reliability,  operability  and  maintainability,  and  increased  safety,  while 
maintaining  environmental  compliance  of  the  PAWDS.  The  gas  temperature  in  the  primary 
chamber  is  about  1200  °C  with  possible  hot  spots  above  1370  °C.  Thermal  shock  occurs 
during  start-up,  shutdown,  and  in  the  event  of  water  leaks.  The  chamber  environment  would 
contain  N2,  CO2,  H2O  vapor,  NOx,  and  small  quantities  of  alkalis  and  acid  gases  (HCl,  SO2). 
Particulates  in  the  gas  stream  could  cause  erosion  and  abrasion  damage.  A  conventional 
refractory  wall  consisting  of  a  working  refractory  and  insulating  refractory  would  be  over  12 
inches  (30  cm)  thick  and  weigh  120  Ib/ft^.  A  more  advanced  commercial  refractory  wall  of 
ceramic  fiber  and  a  working  refractory  is  about  7  inches  (18  cm)  and  weighs  70  Ib/fl^.  Both 
conventional  and  advanced  refractory  walls  would  have  a  limited  life  expectancy. 
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A  light-weight  refractory  wall  was  proposed  for  a  PAWDS  with  about  a  4-inch  (wall) 
and  predicted  to  have  a  10,000  hour  life  .  As  shown  in  Figure  2  the  light-weight  wall  consists 
of  a  thermal  barrier  coating  (TBC)  on  a  1-1.3  cm  thick  superalloy  shell  such  as  UNS  N07718. 
The  TB C/superalloy  wall  is  cooled  by  air.  A  ceramic  fiber  insulation  layer  is  placed  between 
the  air-cooled  charmel  and  an  outer  water-cooled  jacket.  The  TBC  consists  of  a  partially 
stabilized  zirconia  (PSZ)  about  150  pm  thick  and  an  MCrAlY  (M=Ni  or  Co)  bond  coating 
about  50-75  pm  thick  for  corrosion  protection  and  resistance  to  high  temperature  oxidation. 
This  technology  has  been  successfully  employed  for  use  in  marine  gas  turbines  to  prolong  the 
life  of  alloys  in  high  temperature  areas  for  times  exceeding  10,000  to  12,000  hours  .  The  TBC 
serves  to  reduce  the  substrate  alloy  temperature  by  up  to  300  °F  (150  °C).^  The  thermal  barrier 
coating  can  be  applied  by  either  air  plasma-spraying  (APS)  or  electron  beam-physical  vapor 
deposition  (EB-PVD).  The  bond  coat  reduces  the  stresses  and  the  temperature  gradient 
between  the  PSZ  layer  and  the  alloy  substrate.  APS  provides  slightly  better  heat  insulation 
while  EB-PVD  coatings  have  superior  spalling  resistance.  Failure  of  APS  coatings  appear  to 
occur  under  oxidative  thermal  cycle  conditions  by  the  formation  and  linkage  of  microcracks 

o 

with  the  zirconia  layer  just  above  the  bond  coat.  EB-PVD  coatings  are  believed  to  fail 

primarily  from  cracks  that  develop  within  the  thermally  grown  oxide  that  forms  on  the  bond 

coat  surface.^  It  is  for  this  reason  that  the  preferred  cooling  is  via  air  and  not  by  water  since  the 

latter  causes  increased  thermal  stresses  and  induces  premature  failures  of  the  TBC.  The  PSZ 

usually  consists  of  about  8%  yttria  stabilized  zirconia,  but  this  type  of  PSZ  is  susceptible  to 

degradation  by  steam  at  100-200°C  by  molten  salt  deposits  from  sulfide,  vanadium,  and 
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sodium  fuel  contaminants,  and  by  P2O5  and  various  sodium  phosphates  at  700  and  900  °C.  ’ 
Zirconia-based  TBC  can  be  stabilized  with  scandia  (SC2O3)  rather  than  yttria  to  avoid  many  hot 
corrosion  problems.  *  ^ 

A  water-cooled  design  for  the  PAWDS,  shown  in  Figure  3,  consists  of  an  eductor  with  a 
plasma  torch  pyrolyzing  the  waste  material  as  it  is  drawn  through  the  tube,  around  the  plasma 
torch,  and  into  a  secondary  combustion  chamber.  The  eductor  has  a  coil  of  cooling  tubes 
brazed  to  the  outside  of  a  metal  tube.  Inside  of  this  tube  a  layer  of  felted  insulating  fiber  slows 
the  heat  loss  from  the  inner  iron  or  nickel-based  alloy  liner.  The  inner  liner  is  maintained 
between  900  and  1000  °C.  The  ability  of  the  liner  alloy  to  resist  corrosion  is  dependent  on  its 
proteetive  surface  oxide  film.  Conditions  which  can  damage  the  oxide  and  the  substrate  alloy  in 
PAWDS  are  probably  similar  to  that  experienced  in  waste  incinerators  such  as:  (1)  alternating 
oxidizing  and  reducing  environments  at  high  temperatures  which  may  interfere  with  oxide 
formation  and  oxide  maintenance  resulting  in  porous  films;  (2)  mechanical  stresses  such  as 
residual  stresses  derived  from  fabrication  and  welding  processes,  cyclic  thermal  stresses  that 
deform  the  alloy  substrate  because  of  rapid  cooling  rates,  or  erack  or  spall  the  oxide  layer 

because  of  tensile  or  compressive  stresses;  (3)  impingement/erosion  which  removes  the  oxide 
when  fluid  (gas  or  liquid)  flow  exceeds  a  threshold  velocity;  (4)  reaction  with  corrodents, 
moisture  condensation;  (5)  deposits  of  low-melting  point  mixtures;  (6)  flame  impingement;  (7) 

^  Plasma  Arc  Waste  Destruction  System  (PAWDS)  -  Mid-Term  Status  Review,  MSE 
Technology  Applications,  Inc.,  PERMA,  Inc.,  Applied  Ordnance  Technology,  Inc,  April  18,  1996 

^  Private  Communication,  Robert  Clarke,  Code  613,  CDNSWC 
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crevices  or  defects  encouraging  galvanic  attack;  (8)  changing  metal  properties  with  prolonged 
exposure  at  high  temperatures;  (9)  chlorides;  and  (10)  alkali  sulfates.'^*  Reaction  of  the  slag 
with  the  chamber  wall  must  also  be  considered. 


Voter  Cooled 


Figure  2  -  Comparison  of  thick,  conventional  refractory  wall  required  for  hotwall 
PAWDS  design  (left)  with  a  light-weight,  air-cooled  coldwall  design  using  a  TBC  on  a 
superalloy  (right). 


Figure  3  -  Diagram  of  eductor  consists  of  a  central  plasma  torch  which  will  process 
organic  shipboard  waste  drawn  through  the  tube  and  into  a  secondary  chamber. 

A  number  of  eandidate  alloys  (Tables  5  and  6)  have  been  considered  for  the  coldwall 
primary  reaction  chamber  and  components  of  the  PAWDS.  Wall  temperature  is  a  major  factor 
in  determining  the  best  material.  The  specific  environment  in  the  ehamber  (temperature, 
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corrosive  constituents  in  feed,  air-cooled  versus  water-cooled,  etc.)  also  will  contribute  to  many 
possible  corrosion  problems.  The  internal  surface  temperature  of  a  water-cooled  primary 
chamber  is  around  330-530  °C  while  an  air-cooled  chamber  will  have  a  surface  temperature  of 
about  1000  °C.  The  actual  chamber  temperature  will  dictate  the  available  materials  for 
providing  reliable,  long-term  serviee  for  a  PAWDS. 

Table  5  -  Candidate  PAWDS  Alloys  -  Chemical  Compositions 


Alloy 
ASME  or 
UNS 
Number 

1 

Mn 

1 

S 

Cr 

Ni 

Co 

Si 

Cu 

Fe 

Al 

Ti 

w 

Cb-hTa 

Others 

SA414 

GrA 

0.15 

0.90 

0.035 

0.040 

■ 

■ 

bal 

■ 

■ 

K11789 

0.17 

n 

0.30 

0.30 

■nig 

■niiB 

■ 

■ 

■gg 

— 

bal 

■ 

■ 

B 

■ 

— 

S3 1008 

0.08 

2.00 

0.045 

0.030 

WM 

H 

■ 

H 

H 

B 

■ 

■ 

■ 

B 

■ 

— 

S3 1603 

0.03 

2.00 

0.03 

16.0- 

18.0 

■gg 

■Bnl 

2.0-3.0 

1.00 

N06022 

linail 

BHig 

22 

56 

13 

- 

3 

3 

0.35 

N06059 

23  nom 

59  nom 

16  no 

1  nom 

N06455 

0.01 

1.0 

0.025 

0.010 

BH 

bal 

2.0 

■Mil 

0.08 

3.0 

■ 

0.70 

■ 

N08366 

0.03 

2.00 

0.030 

0.003 

23.5- 

25.5 

6.0-7.0 

0.75 

■ 

N06600 

0.10 

1.00 

0.015 

IS 

72.00 

min 

■ 

0.50 

0.50 

H 

Bi 

■ 

H 

B 

.... 

N06601 

0.10 

1.0 

0.015 

BhIm 

HI 

■ 

0.50 

1.0 

rem 

1.0-1 .7 

■ 

N06625 

0.10 

0.50 

0.015 

0.015 

maSm 

55.0  mi 

1.00 

H 

g 

... 

5.00 

0.40 

0.40 

H 

MM 

— 

N06671 

0.05 

nom 

48.0  no 

bal 

■ 

0.35 

nom 

N06690 

0.03 

nom 

30  nom 

Kin 

9.5 

nom 

Bi 

R30556 

Min 

0.5- 

2.0 

0.04 

0.015 

21-23 

19-22.5 

16-21 

2.5-4.0 

0.2- 

0.5 

1 

bal 

0.10- 

0.50 

2.0- 

3.5 

0.30- 
1.25  T 
;0.30 
Nb 

0.005-  0.10 
La;  0.001- 
0.10  Zr; 
0.10-0.30  N; 
0.04  B 

N12160 

0.05 

0.5 

28 

37 

30 

1 

2.75 

B 

3.5  ma 

■ 

0.45 

1 

1.0 

max 

NOS 120 

0.05 

0.7 

25 

37 

3 

0.6 

B 

33 

0.1 

0.1 

0.7 

0.004  B;0.2 
N 

N07214 

0.5 

■ 

■ 

16  nom 

75  nom 

■ 

■ 

0.2 

■ 

3  nom 

4.5 

nom 

■ 

■ 

■ 

0.1  Zr;0.01 
B;0.01  Y 
nom 

N06230 

|jn» 

■lil 

■ 

bal 

5 

1. 0-3.0 

■3 

3 

BBiB 

13.01 

5.0 

■ 

0.005-0.50 

La;0.015B 

N07041 

0.05- 

0.12 

0.10 

18.0- 

20.0 

55.0 

nom 

■ga 

■BBl 

0.50 

<0.3 

■gg 

Pwil 

■ 

0.0030-0.010 

B 

R30188 

nnn 

■niCT 

1.25 

m 

wing 

bal 

H 

Bail 

B 

3.00 

B 

■ 

13.01 

6.0 

B 

0.03 -0.15  L 
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Table  6  -  Candidate  Alloy  Physical  and  Mechanical  Properties 


Alloy 

UNS 

Number 

ASME 
max  temp 
other  max 
service 
temp  °C 

ASME 

strengt 

h 

criteri 

1% 

Creep- 

rupture 

strength 

500 

C/lO'h. 

Thermal 

conductivi 

ty 

W/m-  °K 

500  °C 

Thermal 

conduct. 

W/m-  “K 

800  “C 

Expan. 

Coeff. 

fim/m- 

°C 

500  “C 

1 

Density 

g/cm’ 

Specific 
Heat 
kJ/kg-°K 
@  871°C 

UTSks 

@ 

982°C 

0.2% 
YSksi 
@  982°C 

Percent 

elong. 

@982 

°C 

SA414-A 

400-500 

425 

4.5-6  ksi 

40 

26 

16.4 

580  °C 

595 

6.5-7.3  ks 

37 

26 

15.4 

■ 

^^9 

S3 1008 

13 

17.5 

8.00 

0.500 

@100 

13 

— 

57 

S3 1603 

760 

815 

19  est. 

■ 

■ 

6.1  max 
@650° 

C 

N06600 

982 

22.5 

27.6 

15.1 

1393 

8.498 

0.625 

4.0 

118 

N06601 

19.5 

24.4 

15.2 

1301- 

1368 

8.11 

N06625 

■ 

649  -27.5 
871-2.5ks 
lO’hr 

16.9 

21.4 

13.9 

1288- 

1349 

8.442 

0.620 

25.8 

13.0 

143 

N06671 

15.0 

■Bail 

7.86 

0.456  RT. 

14 

9 

N06690 

22.1 

26.6 

16.2  @ 
649  °C 

8.08 

0.6  est 

15 

10 

R30556 

900 

650 

18.3 

22.7 

16.2 

8.23 

0.600 

30.3 

20.2 

56 

N12160 

816 

■ 

maoism 

19.8 

26.1 

14.9 

0.562 

20.4 

10.8 

90 

NOS 120 

18.7 

24.9 

16.1 

0.558 

27.9 

19.4 

81 

N07214 

16  @  760 

21.0 

29.7 

14.8 

>1345 

8.05 

0.724 

16 

7 

80 

N06230 

899 

899 

14.0 

1301- 

1371 

8.97 

0.605 

32.5 

17.3 

70.5 

N07041 

1252- 

1371 

8.25 

0.452 

90@87 

50@892 

19 

R30188 

MEWK 

19.3 

24.8 

14.6 

1302- 

1330 

9.13 

0.568 

37.7 

24.7 

86 

Corrosion  in  High  Temperature  Environments 

Candidate  materials  for  high  temperature  waste  pyrolysis  need  to  be  corrosion  resistant 
under  a  number  of  potential  degradation  processes  which  can  occur  in  waste  incineration 
systems  or  thermal  pryolysis:  (1)  oxidation,  (2)  carburization,  (3)  sulfidation,  (4)  chloridation, 
(5)  hydrogen  interactions,  (6)  hot  corrosion,  (7)  dewpoint,  acid  corrosion,  (8)  galvanic 
corrosion,  (9)  crevice  corrosion,  (10)  localized,  pitting  corrosion,  (11)  impingement,  erosion- 
corrosion,  (12)  liquid  metal  embrittlement,  (13)  aging  reactions,  sensitization,  (14)  creep 
damage,  (15)  fatigue  and  corrosion  fatigue,  and  (16)  environmental  cracking. 

As  mentioned  previously,  most  metals  and  alloys  in  an  oxidizing  environment  are 
protected  to  varying  degrees  by  an  oxide  layer.  Iron  oxides  alone  are  not  protective  above  550 
°C.'^  Oxidation  of  carbon  steels  from  air  or  steam  forms  an  oxide  scale  along  the  metal  surface 
which  grows  and  thickens  with  time.  The  scales,  depending  on  chemical  composition,  can  be 
mildly  insulative  to  very  insulative.  The  scale  growth  rate  increases  with  a  rise  in  temperature. 
Chromium,  aluminum,  and/or  silicon  assist  in  forming  scales  which  are  more  protective  at 
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higher  temperatures.'^  Chromium  oxide  is  stable  up  to  983  °C  above  which  the  oxide  volatizes 
to  gaseous  Cr03.  Mechanical  damage  by  spallation  or  cracking  of  the  oxide  film  from  cyclic 
oxidation  of  chromia  and  alumina  oxides  formed  on  nickel-based  alloys  is  due  to  the  mismatch 
of  thermal  expansion  coefficients  between  the  oxide  and  the  base  alloy.  Small  additions  of 
lanthanum,  yttrium,  tantalum,  ceria,  zirconia,  and/or  niobia  improve  the  scale  adhesion  and 
scale  resilience  to  cyclic  oxidation.'^  Table  7  lists  the  degree  of  corrosion  damage  from 
commercial  tests  in  static  and  dynamic,  cycling  environments  as  well  as  other  probable 
corrosive  scenarios  which  can  be  expected  in  the  shipboard  PAWDS. 

Table  7  -  Corrosion  in  Various  High  Temperature  Environments 


ALLOY 

UNS 

number 

Static 

Air  Oxidation 
Temperature' 

Dynamic 

Air 

Oxidation 

Temperatur 

e' 

Reducing 

Sulfidation 

Hot  Corrosion^’" 

Carburiza 
tion’ 
mg/cm^/ 
mil  depth 

980  °C 

1204 “C 

980  °C 

871  “C 

m°c 

675  °C 

760  °C 

1000  °c 

980  °C 

S3 1008 

1.1 

10.3 

16.5 

14 

12 

13.0(35) 

7.7/84.2 

N06601 

1.3 

2.6  @1090 
7.5** 

20.0 

perforated 

>21.7 

9.0  @  900 

N06625 

0.7 

>47.6 

7.6 

5 

10.5  @  900 

N06690 

2.8(nil) 

N07214 

0.2 

0.7 

1.2 

6.0@900 

NOS  120 

3.7 

7.7  @1090 

0/0 

R30556 

1.1 

>150 

35.6 

121 

2.5 

6.0@ 

900/11.8 

1.0/18.0 

N06230 

0.7 

7.9 

3.5 

0.4 

R30188 

0.6 

>21.7 

4.2 

23.6 

151 

46.6  (9) 

0.5 

1)  Average  metal  affected,  results  in  mils  (0.001  ”  =  1  mil)  Static  Oxidation  in  Air ;  lab  test  for  1008 
hour  with  specimens  cycled  to  room  temperature  once  every  168  hours,  **  large  internal  voids  not 
included  for  N06601  reading. 

2)  Maximum  metal  affected,  results  in  mils  (0.001  ”  =  1  mil)  Dynamic  Oxidation  in  Air ;  lab  test  for 
1000  hour  with  specimens  cycled  to  room  temperature  once  every  30  minutes 

3)  Ar-  5%H2-  -5%  CO-1%  CO2-  0.15%  H2S,  PO2  -3x10''^  atm,  duration  500  hours  except  31  OSS 
which  was  for  215  hours,  maximum  depth  of  attack 

4)  H2-46%  CO-0.8%  CO2- 1. 7%  H2S  at  designated  temperatures. 

5)  Recuperator  of  aluminum  remelting  furnace  flue  gases.  Mode  of  corrosion  combined  attack  by  alkali 
sulfates,  chlorides  with  oxidation  for  1150  hours,  maximum  metal  affected. 

6)  Ar+20%  O2—  0.25%  Cf  for  400  hours  at  1000  T7,  average  metal  affected,  mils. 

7)  packed  Carburization  resistance  for  500  hours  in  packed  graphite ,  mg/cm^  at  982  °C. 

8)  Burner  rig  test  with  combustion  products  of  No.  2  fuel  oil  (1.0%  sulfur),  thermal  shock  frequency 
11/500  hours,  average  corrosion  rate,  corrodent  urine;  mils/year  (max  penetration,  mils). 

Carburization  alone  usually  does  not  result  in  corrosion  or  alloy  wastage,  but  adsorption 
and  diffusion  of  carbon  into  the  base  alloy  can  lead  to  significant  changes  in  the  alloy 
mechanical  properties  and  leading  to  possible  alloy  embrittlement.  Carbon  dioxide  produced  in 
an  oxidizing  environment  is  less  corrosive  than  carbon  monoxide,  CO,  which  is  the  prevalent 
carbonaceous  gaseous  species  in  a  reducing  environment.  Stainless  steels  will  react  with 
hydrocarbons  and/or  carbonaceous  gases  at  elevated  temperatures  to  carburize  at  its  surface. 
Under  conditions  where  hydrocarbons  are  present  in  the  gas  stream  and/or  with  the  introduction 
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of  oily  components,  nickel-based  alloys  are  susceptible  to  severe  earburization  called  “green 
rot”.'^  Green  rot  occurs  when  internal  chromium  carbides  are  formed  during  earburization; 
subsequent  oxidizing  of  the  carbides  at  the  grain  boundaries  may  result  in  embrittlement. 
Deterioration  and  material  wastage  by  metal  dusting  in  carburizing  gases  at  426-815  °C  result 
in  pitting  and  overall  wastage  of  stainless  steels  with  or  without  an  oxidizing  environment. 
Corrosion  products  in  the  pits  consist  of  metal  carbides,  metal  oxides,  and  graphite.  The 
attack  is  localized  and  earburization  is  confined  to  the  pit.  Metal  dusting  has  been  encountered 
in  chromia-containing  alloys  such  as  ferritic  and  austenitic  stainless  steels,  nickel-chromium 
alloys,  and  cobalt-chromiun  alloys.  Nickel-based  alloys  are  more  resistant  to  carbon  diffusion 
than  most  other  alloys  and  alloys  with  higher  nickel  content  are  superior  to  low-eontent  nickel 
alloys.  Carburization  appears  to  be  appreciable  in  nickel  alloys  at  650-700  °C  (penetration  0.2- 
0.8  mm  in  50-55  days).  Nickel-chromium  alloys  containing  titanium,  niobium,  and  aluminum 
are  better  than  basie  nickel-chromium  alloys  in  CO2  atmospheres  at  700-800  °C.  The  AI2O3 
scale  appears  to  be  mueh  more  resistant  to  carburization  than  the  Cr203  seale.^' 

Sulfidation  is  a  reaction  of  a  metal  or  alloy  with  a  sulfur-containing  species  to  produce  a 
sulfur  eompound  that  forms  on  or  beneath  the  surface  of  the  material.  In  most  environments, 
AI2O3  or  Cr203  form  preferentially  to  the  sulfides,  but  destructive  sulfidation  attaek  occurs  at 
oxide  crack  sites.  The  reduced  species,  H2S,  is  more  corrosive  than  the  oxidized  species, 

SO2.  Sulfates  are  contained  in  marine  air  used  in  cooling  shipboard  systems.  Sulfidation  of 
nickel  results  in  the  formation  of  eutectic  Ni3S2  which  has  a  melting  point  of  635  °C  with  sulfur 
solubility  of  0.005  This  eutectie  formation  causes  the  initiation  and  propagation  of 
intergranular  corrosion.  Chromium  improves  resistance  to  sulfide  attack.  Increased  chromium 
content  increases  the  temperature  limit  in  a  sulfidizing  environment.  Chromium  sulfide  formed 
below  the  surface  of  the  protective  oxide  layer  may  lead  to  depletion  of  chromium  and 
breakaway  corrosion.  Nickel-chromium  alloys  have  been  successfully  used  at  service 
temperatures  of  750-1200  °C.  Manganese,  silicon,  and  aluminum  additions  improve  the 
resistance  of  nickel  alloys  to  sulfur  attack. 

Chlorides  accumulate  rapidly  on  metallic  surfaces  of  a  test  probe.  Typical  deposits 
contained  21-27%  Cl  when  the  flue  gas  contained  40-140  ppm  Hcl.^^  Municipal  wastes  were 
characterized  by  Krause  as  having  a  0.5%  halide  dry  content  of  which  60%  was  derived  from 
organic,  polymer  sources.  Chloride  salts  have  melting  temperatures  as  low  as  175  °C,  which 
can  act  as  a  fluxing  agent  and  dissolve  protective  oxide  films.  Air  in  a  marine  environment 
used  in  cooling  the  hotwall  surfaces  of  a  shipboard  PAWDS  will  be  laden  with  ehlorides. 
Molten  SnCl2  (m.p.  246  °C),  SnCl2  +NaCl  (m.p.  199  °C),  ZnCl2  (m.p.  283  °C),  eutectie 
PbCl2/FeCl3  (m.p.  175  °C),  and  eutectic  ZnCy  NaCl  (m.p.  262  °C)^^  may  cause  rapid 
corrosion  of  carbon  steel,  if  present.  Attack  by  halogens  at  elevated  temperatures  occurs 
through  the  volatility  of  the  reaction  products.  Oxides  that  form  in  combustion  gases  will  be 
porous  and  prone  to  fi-acture.  Stainless  steels  are  generally  passive,  but  surfaee  pitting  may 
occur  in  chloride-containing  environments.  Nickel-based  alloys  can  be  expected  to  have 
superior  corrosion  resistance  as  compared  to  stainless  steel  alloys.^^  Clay  eontaining  aluminum 
silicate  may  inhibit  chloride-related  corrosion  by  raising  the  melting  points  of  chloride  salts 
through  the  formation  of  sodium  aluminum  silicates  whieh  expel  HCl  and  863.^^  Problems 
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with  chlorides  can  be  mitigated  if  plastic  is  removed  from  the  waste  stream  and  remaining 
sources  of  chlorides  in  the  solid  waste  stream  are  minimized.  Increasing  the  oxygen  content 
and  adding  water  vapor  has  also  reduced  the  corrosion  rate  of  various  alloys  by  chlorides  in  a 

30 

simulated  waste  incinerator  environment. 

Steam  may  decompose  on  metal  surfaces  at  elevated  temperatures  to  form  hydrogen  and 
oxygen.  The  plasma  torch  in  the  PAWDS  is  capable  of  producing  atomic  hydrogen  and  atomic 
oxygen.  Loss  in  tensile  ductility  of  steels  and  nickel-based  alloys  has  been  observed  in  gaseous 
environments  with  a  total  hydrogen  content  of  0.1  to  10  ppm  at  -100  to  700  °C.  Hydrogen 
attack  or  hydrogen  damage  occurs  when  gaseous  hydrogen  diffuses  into  the  steel  and  reacts 
with  the  carbides  to  form  methane,  4  H+FejC  =>  CH4+3Fe,  and  internal  microcracks  leading  to 
brittle  rupture.  The  reaction  rate  is  dependent  on  hydrogen  concentration,  diffusion,  and  total 
gaseous  pressure  and  occurs  at  200-600  °C.  Hydrogen  damage  has  been  observed  in  utility 
boilers  as  low  as  3 16  °C.  Atomic  hydrogen  diffuses  readily  in  steel  which  may  cause 
cracking  and  decarburization  of  steel.  Hydrogen  damage  can  occur  in  other  high-strength 
alloys  resulting  in  loss  of  tensile  ductility.  Nickel  alloys  are  much  less  susceptible  to  hydrogen 
damage  than  ferrous-based  alloys. 

Hot  corrosion  is  the  degradation  of  materials  by  the  presence  of  a  liquid  deposit  or  ash. 
Type  I  corrosion  occurs  primarily  at  rhetal  temperatures  ranging  from  850  to  950  °C.  This 
attack  involves  molten  ash  and  deposits  containing  sodium  sulfate  and/or  potassium  sulfate 
salts.  Very  small  amounts  of  sulfur  and  sodium  or  potassium  can  produce  sufficient  Na2S04.  In 
gas  turbine  environments,  a  sodium  threshold  level  below  0.008  ppm  by  weight  precluded  type 
I  hot  corrosion.  Other  impurities  such  as  vanadium,  phosphorus,  lead,  chlorides,  and  unbumed 
carbon  can  be  involved  in  lowering  salt  melting  temperatures.  High  chromium  content  (>  25- 
30%  Cr)  is  required  for  good  resistance  to  hot  corrosion.  Nickel  alloys  with  chromimn  and 
aluminum  show  improved  resistance  to  hot  corrosion. 

Type  II  or  low  temperature  hot  corrosion  occius  in  the  temperature  range  of  650  to  750 
°C.  This  type  of  hot  corrosion  involves  a  gaseous  reaction  of  SO3  or  SO2  with  CoO  and  NiO 
which  results  in  pitting  from  the  formation  of  low  melting  mixtures  of  Na2S04  in  Ni-Cr,  Co-Cr, 
Co-Cr-Al,  and  Ni-Cr-Al  alloys  (32).  If  other  reactants  are  added,  melting  temperatures  can  be 
further  lowered.  In  the  presence  of  molten  ash  products,  the  oxide,  even  in  oxidizing 
environments,  becomes  unstable  and  dissolves.  Alkali  sulfates  deposited  on  the  fireside 
surfaces  of  boilers  may  react  with  SO3  or  SO2  to  form  alkali  pyrosulfates  (m.p.  400-480  °C)  or 
alkali-iron  trisulfates.  A  NaCl-Na2S207  mixture  can  have  a  eutectic  melting  temperature  of 
622  °C.  Molten  pyrosulfates  (such  as  Na2S207)  reacts  with  carbon  steels  at  335-410  °C  by 
dissolving  the  protective  oxide  film  and  then  reacting  with  iron  to  cause  accelerated  wastage.  A 
few  ppm  of  vanadium  accelerates  this  reaction.  The  melting  point  of  these  deposits  on 
waterwall  tubes  ranges  from  335  to  410  °C.  Several  references  have  evaluated  the  corrosion 
resistance  of  different  alloys  in  incinerator  environments. 

When  the  PAWDS  is  shutdown  during  idle  periods  or  while  the  ship  is  at  port, 
temperatures  can  fall  below  the  condensation  temperature  of  flue  gases  containing  HCl  and/or 
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H2SO4,  and  may  form  aqueous  solutions  of  these  acids.  The  dewpoint  temperature  of  sulfuric 
acid  (SO3+H2O)  is  120-150  °C  and  rises  with  an  increase  in  SO3  concentration,  but  above  35 
ppm  the  dewpoint  temperature  is  constant  at  150  °C.  HCl  has  little  effect  on  carbon  steel 
below  260  °C,  but  in  an  excess  of  air,  may  form  FeCl2  on  the  carbon  steel  surfaces.  Austenitic 
stainless  steels  subjected  to  moist  deposits  high  in  chlorides  can  suffer  from  chloride  stress 
corrosion  cracking.^^ 

Galvanic  corrosion  can  occur  if  two  metals  of  different  electrochemical  potentials  are 
adjacent  and  electrically  connected.  Galvanic  action  also  can  proceed  for  the  same  metal  if 
present  at  significantly  different  temperatures.  At  temperatures  where  gases  prevail  (400-1700 
°C),  the  electrical  conductivity  should  be  low  enough  that  galvanic  action  would  not  likely  be  a 
problem.  The  relatively  noble  potential  of  nickel-based  alloys  and  stainless  steels  will  not 
generally  cause  galvanic  effects. 

Carbon  is  more  cathodic  than  platinum  in  the  galvanic  series  for  seawater  and  may  be 
equally  cathodic  to  the  candidate  chamber  alloy  in  the  PAWDS  environment.  The  corrosion 
rate  due  to  galvanic  effects  will  be  dependent  on  the  conductivity  of  the  steam/gaseous 
environment  and  the  temperature  fluctuations  along  the  cmcible  wall.  Deposition  of  soot 
(carbon)  on  the  chamber  walls  may  lead  to  galvanic  attack  if  the  conductivity  of  condensed 
fluids  during  idle  periods  is  sufficiently  high.  Large  sooted  areas  versus  bare  steel  areas  could 
increase  the  severity  of  galvanic  attack.  Soot  or  deposits  may  be  porous  and  can  lead  to 
concentration  of  deleterious  constituents  through  the  porous  layer.  For  instance  caustic  levels, 
caused  by  selective  deposition  of  NaOH  at  high  heat  flux  areas,  have  concentrated  100  ppm 
NaOH  in  bulk  boiler  water  to  over  200,000  ppm  through  a  process  called  wick  boiling.  ' 

Compositional  changes  of  liquids  or  gases  in  crevices  may  be  severe.  Crevices  may  be 
formed  at  mechanical  joints  or  under  porous,  but  occluding  deposits.  Crevices  leading  to 
severe  corrosion  can  occur  if  oxidizing  conditions  and  a  soluble  species  are  present;  such 
conditions  usually  occur  during  idle  times  when  moisture  is  present.'"^  Alloys  high  in 
molybdenum  typically  possess  higher  resistances  to  pitting  and  crevice  corrosion  attack. 

Surface  deposits  or  crevices  formed  by  joints  or  connections  may  be  subject  to  crevice 
corrosion  of  stainless  steels.  Gasket  materials  containing  sulfur  or  graphite  can  also  accentuate 
crevice  corrosion. 

Grain  boundary  segregation  may  result  in  localized  corrosion  if  the  grain  boundaries  are 
not  as  resistant  as  the  alloy  matrix  or  segregation  causes  depletion  of  corrosion  resistant 
elements.  Pitting  is  another  form  of  localized  corrosion.  Both  dissolved  oxygen  and  carbon 
dioxide  can  promote  pitting  of  carbon  steels.  An  alkaline  pH  can  diminish  corrosion  with  the 
evolved  gases  likely  to  be  neutral  to  acidic.  Ash  deposition,  thermally  induced  stress,  and 
particulate  erosion  may  cause  conditions  that  accelerate  localized  corrosion  by  cracking  the 
protective  oxide  layer.  Grain  boundaries  may  be  susceptible  to  operating  conditions  or  room 
temperature  corrosion  when  condensed  water  solubilizes  corrodents  from  deposits  or  soot. 
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In  the  shipboard  PAWDS,  the  components  may  be  subjected  to  ash  and  soot  deposition, 
thermally  induced  stresses,  and  possible  particulate  erosion/"^  The  primary  chamber  wall  may 
suffer  from  erosion  if  the  flame,  high-velocity  gases,  or  particles  impinge  on  the  wall.  Local 
reducing  conditions  will  increase  the  rate  of  erosion  over  conditions  existing  in  oxidizing 
environments  due  to  the  increased  difficulty  of  the  alloy  to  repair  and  reform  a  passive  oxide 
film.  Flame  impingement  can  produce  local  overheating  which  can  cause  distortion.  Erosion 
may  also  cause  protective  scale  removal.  Impingement  of  liquid  spray  droplets  on  hot  walls 
could  cause  spalling,  dissolution,  or  erosion  of  the  oxide  layer.  Alloy  modification  for  erosion 
resistance  may  not  be  compatible  with  corrosion  resistance.  Stainless  steels  and  most  nickel- 
based  alloys  generally  provide  good  resistance  to  impingement  or  erosion. 

The  crucible  alloy  material  reportedly  will  be  protected  from  molten  slag  by  a 
oxide/slag  skull  in  the  PAWDS.  However  in  the  event  of  possible  contact  with  molten  slag,  it 
is  important  to  know  the  corrosion  resistance  to  slag  of  the  candidate  materials.  Liquid  metal 
corrosion  may  cause  dissolution  of  a  surface  directly,  by  intergranular  attack,  or  by  leaching. 
Liquid  metal  attack  may  also  initiate  alloying,  compound  reduction,  or  interstitial  or  impurity 
reactions.  Carbon  and  low  alloy  steels  are  susceptible  to  various  molten  metals  or  alloys  such 
brass,  aluminum,  bronze,  copper,  zinc,  lead-tin  solders,  indium,  and  lithium  at  temperatures 
from  260  to  815  °C.  Plain  carbon  steels  are  not  satisfactory  for  long-term  usage  with  molten 
aluminum.  Stainless  steels  are  generally  attacked  by  molten  aluminum,  zinc,  antimony, 
bismuth,  cadmium,  and  tin.^’  Nickel,  nickel-chromium,  and  nickel-copper  alloys  generally 
have  poor  resistance  to  molten  metals  such  as  lead,  mercury,  and  cadmium.  In  general  nickel- 
chromium  alloys  also  are  not  suitable  for  use  in  molten  aluminum.^^  Liquid  metal 
embrittlement  (LME)  is  a  special  case  of  brittle  fracture  that  occurs  in  the  absence  of  an  inert 
environment  and  at  low  temperatures.^^  Decreased  stresses  can  reduce  the  possibility  of  failure 
in  certain  embrittling  molten  alloys.  Stainless  steels  suffer  from  LME  by  molten  zinc.  Small 
amounts  of  lead  will  embrittle  nickel  alloys,  but  molybdenum  additions  appear  to  improve  lead 
LME  resistance.  There  are  no  known  metals  or  alloys  totally  immune  to  attack  by  liquid 
aluminum."*”  The  selection  of  fabricating  processes  must  be  chosen  carefully  for  nickel-based 
superalloys.  Liquid  metal  embrittlement  can  occur  when  brazing  precipitation-strengthened 
alloys  such  as  UNS  N07041.'*'  Many  nickel  superalloys  crack  when  subjected  to  tensile 
stresses  in  the  presence  of  molten  (B-Ag)  brazing  filler  alloys. 

Long-term  aging  effects  can  cause  metallurgical  changes  that  alter  the  mechanical  and 
corrosion  properties  of  materials.  Graphitization  is  a  microstructural  change  that  can  occur  in 
carbon  and  low  alloy  steels.  Pearlite  (alternating  ferrite  and  Fe3C  platelet  structure)  normally 
found  in  such  steels  will  transform  in  time  to  graphite  and  ferrite  at  temperatures  above  425  °C 
which  causes  loss  of  ductility  and  promote  embrittlement.  Alloying  additions  of  at  least  0.7% 
Cr  and  0.5%  Mo  to  steels  markedly  improve  resistance  to  graphitization.  Weld  sites  are 
particularly  susceptible  to  graphitization.  Heat  treatments  or  operating  conditions  that  heat 
ferritic  and  austenitic  stainless  steels  to  500-900  °C  cause  segregation  at  the  grain  boimdaries 
by  the  precipitation  of  complex  chromium  carbides,  the  formation  of  sigma  phase  or  the 
precipitation  of  other  deleterious  phases.  The  properties  of  precipitation-strengthened 
superalloys  (processed  at  535-815  °C)  such  as  UNS  N07041  may  be  altered  by  brazing."** 
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Normal  welding  can  induce  susceptibility  of  stainless  steels  without  postweld  heat  treatment. 
Careful  control  of  heat  treatment  can  avoid  intergranular  corrosion  of  unstabilized  stainless 
steels  containing  more  than  0.03%  C.  Nickel-based  superalloys  are  also  susceptible  to  grain 
boundary  segregation.  Nickel-based  superalloys  can  be  embrittled  by  less  than  20  ppm  sulfur 
segregation  to  alloy  grain  boundaries. 

PAWDS  candidate  materials  such  iron,  nickel  and  cobalt  superalloys  owe  their  unique 
strength  up  to  a  fairly  high  threshold  temperature  to  the  presence  of  strengthening  particles 
such  as  inert  oxide  dispersoids,  carbides,  coherent  ordered  precipitates,  and  solid  solution 
strengthening  agents  in  a  face-centered  cubic  (with  appropriate  nickel  additions)  structure. 
Introduction  of  precipitates  into  the  alloy  through  solid  solution  reactions  require  specific  alloy 
chemistries  and  heat  treatments  to  achieve  the  desired  mechanical  properties.'^'’'^^  However,  at 
prolonged  exposures  to  high  temperatures  (760-1000  °C),  the  phase  rule  alone  suggests  that  a 
large  number  of  new  phases  could  nucleate  within  multicomponent  superalloys  to  form  a 
number  of  microstructural  instabilities.'*^  These  instabilities  can  include  transformation  of  a 
metastable  phase  to  a  more  stable,  but  incoherent  phase  as  in  carbide  transformation,  stress 
induced  differential  diffusion  of  solute  atoms  (coarsening  of  M23C6  at  grain  boundaries),  or 
dissolution  of  strengthening  precipitates  in  critical  areas  of  the  microstructure.  Structural 
instabilities  of  superalloys  at  elevated  temperatures  can  also  include  the  formation  of  new 
phases  such  as  sigma,  mu,  and  Laves  phases  which  are  brittle  and  possess  crack-like 
morphologies  that  can  adversely  affect  alloy  tensile  and  stress  rupture  ductility  and  impair 
resistance  of  the  alloy  to  crack  growth.'*^ 

Creep  is  a  time-dependent  strain  of  a  material  under  stress.  Rupture  of  a  metal  or  alloy 
can  occur  when  it  is  subjected  to  stress  at  elevated  temperatures  for  a  sufficiently  long  time. 
Stresses  are  significantly  lower  than  that  necessary  to  cause  rupture  in  room  temperature  or 
during  short-term  tensile  tests.  Higher  temperatures  and/or  higher  stresses  will  tend  to  decrease 
the  time  required  for  creep  rupture.  Creep  embrittlement  can  occur  in  the  temperature  range  of 
425-595  °C  for  alloys  having  a  ferrite  and  carbide  microstructure.'*'*  The  embrittlement  is  most 
detrimental  after  the  steel  has  been  cooled  below  260  °C.  For  temperatures  above  760  °C, 
metallic  liners  will  have  a  limited  life  because  of  the  microstructural  instabilities  that  develop  in 
many  of  the  superalloys  with  prolonged  exposure.  One  possible  alloy  is  UNS  N06671‘*^  which 
can  be  used  to  980  °C  with  temperature  excursions  of  1 100  °C.''*  This  alloy,  however,  is  not 
widely  available  and  is  difficult  to  fabricate.  Other  possible  selections  would  be  alloys  UNS 
N07041  and  UNS  N06230,  which  have  good  high-temperatiue  strength  and  resistance  to  long¬ 
term  thermal  degradation.  However,  their  resistance  to  hot  corrosion,  sulfidation  and  chloride- 
containing  salts  is  not  known. 

Frequent  cycling  may  reduce  the  design  life  of  the  PAWDS  walls  from  that  predicted 
for  operation  at  steady  state.  The  hot  gas  environment  within  the  PAWDS  will  influence  the 
corrosion  fatigue  resistance  of  candidate  alloys.'*^  Cyclic  temperature  conditions  accelerate 
attack  mainly  through  the  loss  of  the  protective  scale.*'*  Depending  on  the  severity  of  the 
thermal  cycles  in  the  water-cooled  design,  spallation  of  thermal  barrier  coatings,  chromized, 
and  almninized  coatings  is  probable.  Corrosion  fatigue  is  the  combined  action  of  a  repeated  or 
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fluctuating  stress  and  a  specific  corrosive  environment  that  usually  lowers  the  minimum  stress 
level  and/or  the  number  of  cycles  that  will  cause  failure  than  in  a  inert  environment.  Corrosion 
fatigue  cracking  and  stress  corrosion  cracking  often  initiate  at  stress  risers  such  as  pits.  In 
certain  instances  such  as  in  nickel-based  superalloys  in  high-temperature  oxidizing 
environments,  the  aggressive  conditions  can  slow  the  fatigue  fi'acture  propagation.  Stainless 
steels  have  good  corrosion-fatigue  limits  when  compared  to  other  steels. 

Stress  corrosion  cracking  (SCC)  is  a  brittle  fracture  of  an  otherwise  ductile  material 
which  occurs  under  the  combined  action  of  a  residual  or  applied  tensile  stress  and  an  alloy- 
specific  corrodent.  SCC  is  affected  by  alloy  composition  and  heat  treatment,  the  exposure  time, 
temperature,  and  solution  medium.  Fluctuating  temperatures  can  accelerate  stress  corrosion 
cracking  of  austenitic  stainless  steels  in  the  presence  of  chlorides,  particularly  at  high  stress 
points  from  design,  operation  or  fabrication.  Nickel  alloys  have  improved  resistance  to 
environmental  cracking  over  steels  and  stainless  steels  although  nickel  alloys  are  not  immune  to 
SCC.  SCC  of  certain  nickel  alloys  has  occurred  in  high-temperature  halogen  ion  environments, 
high-temperature  waters,  and  high-temperature  alkaline  systems  and  environments  containing 
acids  and  H2S.  SCC  is  dependent  on  the  stress  level,  chloride  concentration,  alloy  composition, 
and  temperature.  Susceptible  temperature  ranges  vary  from  175-330  °C.  Higher  temperatures 
will  tend  to  lower  the  chloride  threshold  concentration  and  stress  levels  required  for  cracking. 
Ferritic  stainless  steels  are  usually  not  considered  susceptible  to  SCC.  Stressed  martensitic 
stainless  steel  grades  can  crack  in  chloride  environments. 


CONCLUSIONS 

Compliance  with  environmental  regulations  has  required  design  of  a  waste  management 
system  to  safely  treat  and  reduce  the  volume  of  solid  shipboard  waste  for  the  U.S.  Navy.  The 
U.S.  Navy  in  cooperation  with  industry  has  developed  conceptual  designs  for  a  plasma  arc 
waste  destruction  system  (PAWDS)  capable  of  meeting  strict  shipboard  weight,  size  and 
operational  criteria. 

A  hotwall  design  considered  a  refractory  lined  chamber  to  process  shipboard  waste. 
Silicon  carbide,  high  purity  alumina,  and  alumina-chromia  working  refractories  were 
considered  the  best  candidates  for  the  hotwall  PAWDS  design.  Weight  and  size  limitations, 
maintainability,  and  reliability  of  the  hotwall  design  led  to  the  consideration  of  alternative 
PAWDS  designs. 

The  final  candidate  material  in  the  coldwall  PAWDS  will  not  be  the  most  corrosion- 
resistant  alloy  in  all  possible  environments.  The  protective  chromia,  alumina,  and  silica  oxides 
scales  formed  on  the  alloys  have  different  growth  kinetics,  mechanical  properties,  and  corrosion 
resistances  to  oxidizing  and  reducing  atmospheres,  sulfidation,  chloridation,  hot  corrosion, 
dewpoint  corrosion,  galvanic  attack,  hydrogen  interactions,  and  environmental  assisted 
cracking.  The  alloys  also  have  different  long-term  mechanical  properties  at  high  temperatures. 
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For  the  water-cooled  coldwall  design  with  temperatures  below  600  °C,  alloy  UNS 
N06022  would  provide  optimum  resistance  to  corrosion  processes  possible  in  the  PAWDS. 
Similar  alloys  that  could  provide  possible  service  are:  UNS  N10276,  UNS  N06455,  and  UNS 
N06059.  These  are  resistant  to  pit  initiation  due  to  a  high  level  of  molybdenum  present  in  the 
alloys.  For  adequate  to  good  resistance,  alloy  UNS  N06625  is  recommended.  It  does  not  have 
as  high  a  resistance  to  pit  initiation  as  UNS  N06022,  but  has  better  high-temperature  strength 
which  may  prove  acceptable  in  a  coldwall  environment.  None  of  the  alloys  recommended  have 
a  long-term  (creep)  stress  rupture  strength  existing  over  3  ksi.  The  chamber  wall  will  have  to 
be  thick  enough  to  compensate  for  this  lack  of  high-temperature  strength.  The  alloys 
considered  thermally  degrade  with  time  at  temperatures  above  600  °C. 

For  an  air-cooled  or  water-cooled  chamber  where  the  temperature  is  around  1000  °C, 
alloy  UNS  R30556  is  recommended  to  provide  the  best  service  for  a  combination  of  oxidation, 
carburization,  chloridation,  and  hot  corrosion  resistance.  Alloy  UNS  NOS  120  may  also  provide 
adequate  service  in  the  air-cooled  environment.  These  alloys  maintain  good  high-temperature 
strength  up  to  900  °C,  but  the  long-term  high-temperature  stability  of  these  alloys  still  needs  to 
be  established.  Two  other  alloys,  UNS  N06230  and  UNS  N07041,  have  better  high- 
temperature  strength  and  resistance  to  long-term  thermal  degradation  of  the  alloy 
microstructure,  but  their  resistance  to  hot  corrosion,  sulfidation  and  chloride-containing  salts  is 
not  known  at  this  time.  The  selection  of  fabricating  processes  must  be  chosen  carefully  for 
nickel-based  superalloys.  Liquid  metal  embrittlement  can  occur  when  brazing  precipitation- 
strengthened  alloys  such  as  UNS  N07041.  Many  nickel  superalloys  crack  when  subjected  to 
tensile  stresses  in  the  presence  of  some  molten  filler  metals. 

Testing  is  strongly  recommended  in  high-temperature  environments  that  properly 
simulate  the  conditions  in  the  PAWDS  -  particularly,  environments  that  simulate  the  abrasive 
conditions,  corrodents,  and  the  temperature  fluctuations  generated  by  the  plasma  arc  torch  on 
the  candidate  test  alloys.  Alloys  need  to  be  tested  in  a  simulated  PAWDS  environment  and 
under  similar  operating  conditions  envisioned  for  the  eventual  shipboard  PAWDS.  High 
temperature  erosion  testing  of  several  candidate  materials  is  presently  being  planned. 
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